ABSTRACT Rice, Oryza sativa, is the most important staple food for a signiÞcant portion of the worldÕs population. Despite the importance of rice, however, induced resistance to insects has not been thoroughly studied in rice; in fact, to our knowledge, direct induced resistance after injury by chewing insects has not been shown in rice. We conducted a series of experiments designed to characterize direct induced resistance in rice after feeding by larvae of the fall armyworm (Spodoptera frugiperda J. E. Smith) and application of jasmonic acid. Weight gains and relative growth rates of fall armyworm larvae were lower when fed leaves from plants previously damaged by armyworms than when fed leaves from undamaged plants. This response was stronger at a systemic spatial scale; that is, the induced resistance was stronger in newly emerged leaves not present at the time plants were damaged than in damaged leaves themselves. Armyworm growth rates were also reduced on foliage from plants treated with jasmonic acid, a hormone known to mediate plant responses to wounding. The response to injury by armyworm larvae and to exogenous jasmonic acid was stronger in transgenic rice plants in which levels of salicylic acid (a signaling molecule that inhibits jasmonic acid) were suppressed. These results show the existence of a direct induced resistance response in rice and suggest that this response to injury by a chewing insect may be mediated by jasmonic acid.
Plants undergo extensive alterations in gene expression and in primary and secondary metabolism after injury by herbivorous arthropods. Many of these changes function to protect the plant by reducing the impact of current or subsequent herbivores (Karban and Baldwin 1997 , Kessler and Baldwin 2002 , Agrawal 2005 , Arimura et al. 2005 , Stout 2007 . Some herbivoreinduced responses reduce the impact of herbivores by reducing the suitability or palatability of plants for herbivores (direct induced resistance), whereas other herbivore-induced responses affect herbivores indirectly by enhancing the effectiveness of carnivorous natural enemies of herbivores (indirect induced resistance). Plant responses that result in induced resistance are often systemic; that is, the responses are often expressed in tissues distant from the site of damage. Rapid progress has been made in elucidating the signaling pathways that mediate local and systemic plant responses . Two pathways have received particular attention. The Þrst pathway involves the phenolic compound salicylic acid (SA) as an intermediate and is generally associated with attack by biotrophic pathogens and arthropods with piercing/sucking mouthparts (Durrant and Dong 2004, Thatcher et al. 2005) . The second pathway is mediated by jasmonic acid (JA) and other oxylipin compounds and has generally been associated with attack by chewing herbivores, wounding, and necrotrophic pathogens (Turner et al. 2002, Gfeller and Farmer 2004) . These two signal transduction pathways are mutually inhibitory (Beckers and Spoel 2006) . Although signaling pathways in addition to those involving SA and JA are involved in regulating plant responses, SA and JA unquestionably play pivotal roles in mediating the responses that protect plants from their attackers (Rakwal and Agrawal 2003 , Bruinsma and Dicke 2008 .
Rice (Oryza sativa L.) is an intriguing model for the study of herbivore-induced responses. Rice is one of the most important food crops in the world, is subject to yield losses from a number of important arthropod pests, and possesses a relatively small genome that has been sequenced (Heinrichs 1986, Karban and Chen 2007) . Despite the importance of rice and rice pests, however, pathogen-and herbivore-induced responses are less studied in rice (and other cereals) than in dicots (Kogel and Langen 2005, Karban and Chen 2007) . In particular, rice has received surprisingly little attention as a model for studying herbivore-induced resistance. In fact, to our knowledge, there have been no reports of direct induced resistance involving chewing insects in rice, although direct induced resistance involving piercing/sucking insects and pathogens has been reported, as has herbivore-induced re-lease of volatiles that attract natural enemies Chen 2007, Yuan et al. 2008) .
The regulation of responses to insects and pathogens in rice may differ in important ways from the regulation of such responses in dicots . Unlike most dicots, rice contains very high levels of basal SA (Silverman et al. 1995 , Yang et al. 2004 . Although homologs of components of the SAmediated signaling pathway in dicots are present in rice , Chern et al. 2005 , Kogel and Langen 2005 , levels of SA do not appear to increase after infection by pathogens in rice (Silverman et al. 1995, Kogel and Langen 2005) , and SA may not be important for the induction of many pathogen defense genes in rice (Yang et al. 2004) . As in dicots, mechanical wounding of rice leaves results in a rapid, transient increase in levels of endogenous JA, and an inverse correlation between JA and SA during the early wound response of rice has been reported (Lee et al. 2004) . However, the relationship between the octadecanoid and other response pathways in rice and dicots may differ (Rakwal and Agrawal 2003) , and it is not clear how high basal SA levels in rice affect the functioning of the octadecanoid pathway.
We present here the Þrst evidence for direct induced resistance to chewing insects in rice. The species used both to damage plants and to evaluate resistance was the fall armyworm, Spodoptera frugiperda J. E. Smith (Lepidoptera: Noctuidae), a sporadic pest of rice in the southern United States. The larval stage of this insect is a polyphagous leaf-feeder that sometimes enters rice Þelds en masse and defoliates entire Þelds or portions of Þelds. We show increases in plant resistance (manifested as reduced larval growth rates) at both local and systemic spatial scales after injury by armyworm larvae. We also show that resistance to fall armyworm larvae can be induced by applications of JA. Finally, we further explored the regulation of armyworm and JA-induced resistance in rice by comparing induced resistance in plants in which levels of SA had been suppressed with induced resistance in plants containing normal levels of SA. The work described herein is foundational to further research on the regulation, causal basis, and importance of induced resistance in rice.
Materials and Methods
Plant Growth and Insect Culture. Rice seeds were generously provided by the breeding and foundation seed program at the Louisiana State University AgCenter Rice Research Station (Crowley, Acadia Parish, LA). Plants were grown in a greenhouse on the campus of Louisiana State University, Baton Rouge, LA. Seeds were sown in 11.4-cm square pots (700-ml capacity) in a 8:4:4:1 mixture of topsoil, sand, peatmoss, and vermiculite. Plants were maintained under ambient lighting in a greenhouse at circa 27ЊC. Plants were used for experiments 14 Ð17 d after sowing, when seedlings possessed an emerging third leaf.
Fall armyworm larvae used to damage plants and to assay resistance were obtained from a colony maintained year-round on artiÞcial diet in the laboratory. The colony originated from larvae collected in Bermuda grass pastures near Baton Rouge in 1997. Insects collected from pastures or rice Þelds are added annually to the colony to maintain genetic variability.
Feeding Assays. Feeding assays with S. frugiperda larvae were conducted in arenas consisting of 9-cm petri dishes lined with moistened cotton batting. Leaf material was removed from plants with scissors, transported on ice to the laboratory, cut into pieces (circa 2 cm in length), and placed in petri dishes. Larvae were starved for 2Ð3 h before starting assays and then weighed and placed in petri dishes with foliage of the appropriate treatment group. Insects used in assays were 6-to 7-d-old, stage-synchronized S. frugiperda larvae. The developmental stage of larvae used in feeding assays was synchronized by using insects that had molted in the 12 h before initiation of the feeding assay. Larvae were allowed to feed on leaf material for 2.5Ð3 d, during which time insects molted once. SufÞcient leaf material was placed in dishes to ensure that larvae were never food limited. At the end of the feeding assay, larvae were removed from dishes, starved for 2Ð3 h to allow their guts to void, and weighed. Relative growth rates were calculated by dividing larval weight gain by the product of the duration of the feeding assay and mean weight of the larvae during the feeding assay, as appropriate for feeding assays in which insects molt one or more times (Farrar et al. 1989) .
Characterization of Induced Resistance After Fall Armyworm Feeding. An initial set of experiments was conducted to determine whether young rice plants respond to injury by fall armyworms by becoming more resistant, at either local or systemic scales, to subsequent herbivory by armyworms. Rice seedlings were grown in a greenhouse to the early three-leaf stage as described above. After thinning plants to two to four seedlings per pot, pots were divided into two treatment groups of Ϸ50 plants. The Þrst treatment group was damaged by conÞning fourth to Þfth-instar S. frugiperda to plants (one larva per plant) using cages. Cages consisted of clear plastic cylinders (8.5 cm diameter by 23 cm height) with one end forced into the soil and the top end covered with a meshscreen lid. The cylinder cages also had two mesh-lined holes to allow air circulation through the cage. Pots assigned to the second (control) group received cages but no larvae. Larvae were allowed to feed for 3Ð 6 h, during which time they generally consumed 5Ð 80% of each leaf. The total amount of leaf material consumed by larvae varied from plant to plant, but was within the range of 15Ð 40% of the total leaf area. Cages and larvae were removed from plants at the end of the feeding period and the plants were maintained in a greenhouse until use in subsequent feeding assays for induced resistance.
Leaves from damaged and undamaged plants were used for feeding assays with fall armyworm larvae at two time points after damage (Table 1) . At the Þrst time point (3Ð5 d after damage), a new leaf was just beginning to emerge on both damaged and undam-aged plants. For the feeding assay conducted at this time point, all leaf material was removed from 15Ð20 plants from each treatment group (the remaining plants were left for use in the later assay; see below). Leaves from plants of each treatment were pooled, transported to the laboratory on ice, cut into circa 2-cm pieces, and distributed evenly among petri dishes. The feeding assay at this time point is referred to below as a "local" feeding assay, because fall armyworm larvae were fed leaves damaged by larvae 3Ð5 d earlier.
At the second time point (11Ð14 d after damage; Table 1 ), a fourth and sometimes Þfth leaf had emerged on both control and damaged plants. Feeding assays at this time point used only undamaged (fourth and Þfth) leaves from damaged plants and corresponding newly emerged leaves from undamaged plants. This assay is referred to below as a "systemic" feeding assay. Leaves used in feeding assays at this time point were not themselves damaged and were not present at the time of damage; thus, any reduction in growth rates of larvae feeding on these leaves resulted from systemic responses by the plant.
This entire experiment was conducted a total of seven times over a 3-mo period (Table 1) . Four varieties of rice (ÔRosemontÕ, ÔA301Ј, ÔJacksonÕ, and ÔLem-ontÕ) were used to increase the inferential scope of this set of experiments. All of the varieties used were or are grown commercially in Asia or in the southern rice-producing region of the United States. In addition, all of these varieties contain relatively low levels of basal SA as reported by Silverman et al. (1995) to reduce the possibility that high levels of endogenous SA would interfere with caterpillar-induced responses. Local and systemic assays were conducted in each experiment. The number of insects used per treatment group for both systemic and local assays in each experiment ranged from 10 to 15; a total of 85Ð 89 insects were used per treatment/scale combination over the seven experiments.
The effect of prior armyworm feeding on the suitability of rice leaves for fall armyworm growth was analyzed in two ways. First, relative growth rates were calculated as described above, and an analysis of variance (ANOVA) was conducted on relative growth rates using mixed-model ANOVA in SAS (SAS Institute 2004). Treatment (undamaged or previously damaged) and spatial/temporal scale of response (local versus systemic) were entered into the analysis as Þxed effects. Because there was no a priori reason to believe that induced resistance would vary systematically among the varieties used in the study (all were low SA varieties as reported by Silverman et al. 1995) , and because the goal of this initial set of experiments was merely to determine whether rice seedlings exhibit an induced resistance response, data from the seven experiments were pooled by entering "experiment" into the analysis as a random effect. Means were separated using a Tukey-Kramer test.
For the second method of analysis, an analysis of covariance (ANCOVA) was conducted with weight gain as the response variable, initial larval weight as the covariate, treatment and spatial scale as Þxed effects, and experiment as a random effect (Horton and Redak 1993) . The ANCOVA was conducted using PROC MIXED in SAS (SAS Institute 2004) .
Induction of Resistance by Exogenous Jasmonic Acid. Seedlings of Þve rice varieties (ÔCocodrieÕ, ÔJack-sonÕ, ÔLemontÕ, ÔRosemontÕ, and ÔTequingÕ) were grown in a greenhouse to the early three-leaf stage, and seedlings of each variety were randomly assigned to a control and a treatment group. These Þve varieties include a variety grown widely in the southern United States (ÔCocodrieÕ), a Chinese variety (ÔTequingÕ), and three older U.S varieties. Plants assigned to the treatment group were sprayed with a 2 mM solution of JA (Sigma-Aldrich, St. Louis, MO). To prepare the JA solution, 42 mg of JA was dissolved in 1 ml ethanol, and the JA/ethanol solution was dispersed in 200 ml of water. Plants were sprayed to run-off; plants in the control treatment were sprayed to run-off with a mixture of 200 ml of water and 1 ml of ethanol. Three days after treatment, leaf material was removed from plants, transported to the laboratory on ice, and used for a feeding assay as described above. A total of eight larvae were used per treatment per variety, and larvae were allowed to feed for 2.8 d. The effects of JA treatment and variety on relative growth rates of larvae were analyzed as a factorial experiment by ANOVA using PROC MIXED in SAS; means were compared using a Tukey-Kramer test. Also, the effects of treatment and variety on larval weight gains were analyzed by an ANCOVA with initial larval weight as the covariate using PROC MIXED in SAS.
Analysis of SA-Deficient Transgenic Rice for Induced Resistance. To provide additional information about the regulation of induced resistance in rice, three experiments were carried out to test the hypothesis that rice plants with suppressed levels of SA would respond more strongly than rice plants with normal levels of SA. In these experiments, the strength of induced resistance after chewing herbivory or JA application was compared in a transgenic, SA-deÞ-cient line and in the corresponding, nontransgenic parent line (ÔNipponbareÕ) (Yang et al. 2004) . ÔNip-ponbareÕ is a traditional japonica variety from Japan used widely in genomic studies (ÔNipponbareÕ was used for these experiments because SA-deÞcient lines were not available for any of the varieties used in previous experiments). The transgenic SA-deÞcient line contained a single copy insertion of the nahG transgene and prior analysis of SA levels in the line used in these experiments (line NahG2) showed that levels of SA in this line were Ϸ65 times lower than in the parent line (Yang et al. 2004) . Further details on the generation and phenotype of the SA-deÞcient line can be found in Yang et al. (2004) . At the time plants were used in these experiments, there were no obvious visual phenotypic differences between NahG and ÔNipponbareÕ plants.
In the Þrst two experiments conducted to compare induced resistance in these lines, plants of both lines were grown to the early three-leaf stage and groups of armyworm-damaged and undamaged plants of each line were generated as described above. Although the suppression of SA levels in NahG plants may alter both constitutive and inducible resistance to insects, no differences in amounts of leaf area removed by larvae during the damage period were noted between the NahG and nontransformed controls (larvae used to damage plants were large relative to plants and were allowed to feed on plants for only a short period of time). Feeding assays were conducted 13 and 11 d after damage in the Þrst and second experiments, respectively, and used undamaged, newly emerged leaves from damaged plants and corresponding leaves from undamaged plants (i.e., systemic induced resistance was compared in the NahG line and the ÔNip-ponbareÕ parent line). Seven to nine insects were used for each of the four treatment groups. The effects of damage treatment (control versus damaged), rice line (NahG versus ÔNipponbareÕ) and the interaction of treatment and line on insect relative growth rates were analyzed by two-way ANOVA using PROC MIXED in SAS (SAS Institute 1999). Means were compared using a Tukey-Kramer test. The two experiments were analyzed separately. In addition, the effects of treatment, rice line, and the interactive effects of treatment and line on larval weight gains were analyzed using an ANCOVA approach in PROC MIXED of SAS.
In the third experiment conducted to compare the strength of induced resistance in NahG and ÔNippon-bareÕ lines, three-leaf rice seedlings of both lines were treated with 1 mM JA or left untreated as described above. Feeding assays were initiated 3 d after JA treatment, with 10 insects per treatment group. Data were analyzed by two-way ANOVA and ANCOVA as above.
Results
Characterization of Induced Resistance After Fall Armyworm Reeding. Relative growth rates of larvae fed leaves from control (undamaged) plants ranged from 0.220 to 0.530 g/g/d over the seven experiments, and, overall, growth rates and weight gains were lower in the feeding assays using systemic leaves than in those using damaged (local) leaves ( Fig. 1 ; effect of scale in ANOVA, F ϭ 241.1; df ϭ 1,337; P Ͻ 0.001; effect of scale in ANCOVA, F ϭ 62.89; df ϭ 1,337; P Ͻ 0.001). Importantly, relative growth rates and weight gains of S. frugiperda larvae were lower on foliage from damaged plants than on foliage from undamaged plants ( Fig. 1; Table 2 ; in ANOVA, F ϭ 75.3; df ϭ 1,337; P Ͻ 0.001; in ANCOVA, F ϭ 10.5; df ϭ 1,337; P ϭ 0.001). The reduction in growth was observed both in experiments done 3Ð5 d after damage using damaged leaves (local induced resistance) and experiments done 11Ð14 d after damage (systemic induced resistance; Fig. 1 ; Table 2 ). However, the magnitude of reduction in relative growth rates was consistently higher in experiments at the later time pointÑthat is, armyworm-induced resistance was stronger in leaves distant from the damaged leaves and not present at the time of damage than in damaged leaves removed from plants 3Ð5 d after damage ( Fig. 1; Table 2 ). This was manifested in the ANOVA as a signiÞcant treatment by scale interaction (F ϭ 17.04; df ϭ 1,337; P Ͻ 0.001).
Induction of Resistance by Exogenous Jasmonic Acid. Armyworm relative growth rates were lower when fed foliage from JA-treated plants than when fed foliage from control plants ( Fig. 2; F The reduction in growth rates on leaves from damaged plants is signiÞcant (P Ͻ 0.05) for both local and systemic assays. Resistance was measured by comparing larval RGRs on rice leaves from undamaged (control) and damaged plants at both local and systemic spatial scales. The table shows percent reductions in armyworm RGRs on leaves from damaged plants relative to RGRs on leaves from undamaged plants.
a Growth rates higher on damaged foliage. P Ͻ 0.0001). Growth rates did not differ signiÞcantly among varieties (F ϭ 2.1; df ϭ 4,70; P ϭ 0.09), and the effect of JA on growth rates did not differ among varieties (F ϭ 1.67; df ϭ 4,70; P ϭ 0.17). The average reduction in growth rates as a result of JA treatment across all Þve varieties was 19.2%. The results of the ANCOVA of weight gains in JA-treated and untreated plants were very similar, with a signiÞcant effect of JA treatment on larval weight gain (F ϭ 59.5; df ϭ 1,69; P Ͻ 0.0001) and no treatment by variety interaction (F ϭ 1.96; df ϭ 1,69; P ϭ 0.11). However, the ANCOVA did detect a signiÞcant effect of variety on larval weight gains (F ϭ 2.6; df ϭ 4,69; P ϭ 0.05).
Analysis of SA-Deficient Transgenic Rice for Induced Resistance. To test the hypothesis that induced resistance in rice is stronger in plants in which levels of SA have been suppressed, the magnitudes of resistance induced by fall armyworm feeding and by application of JA were compared in a transgenic, SAdeÞcient line and in its parent, nontransgenic line in three experiments. If high basal levels of SA in rice interfere with JA-or feeding-induced resistance, the magnitude of resistance induced by armyworm injury or JA application would be expected to be higher in lines with suppressed levels of SA.
This prediction was partially or fully met in two of three experiments. In the Þrst of the two experiments in which armyworms were used to damaged plants, the induced resistance was equally strong in NahG and ÔNipponbareÕ plants ( Fig. 3A; ANOVA approach, effect of treatment: F ϭ 89.31 df ϭ 1,29; P Ͻ 0.001; effect of line, F ϭ 0.06; df ϭ 1,29; P ϭ 0.80; interaction of treatment and line, F ϭ 0.64; df ϭ 1,29; P ϭ 0.43; ANCOVA approach, effect of treatment, F ϭ 98.29; df ϭ 1,28; P Ͻ 0.001; effect of line, F ϭ 0.98; df ϭ 1,28; P ϭ 0.33; interaction of treatment and line, F ϭ 0.16; df ϭ 1,28; P ϭ 0.69). In the second experiment in which armyworms were used to damage plants, however, the reduction in growth that resulted from damage was greater on leaves from NahG plants than on leaves from ÔNipponbareÕ plants (Fig. 3B) . The stronger effect of damage in the NahG plants was reßected in a marginally signiÞcant interaction effect (ANOVA approach, treatment effect, F ϭ 6.83; df ϭ 1,30; P ϭ 0.01; line effect, F ϭ 2.15; df ϭ 1,30; P ϭ 0.15; interaction effect, F ϭ 3.52; df ϭ 1,30; P ϭ 0.07; ANCOVA approach, treatment effect, F ϭ 7.60; df ϭ 1,29; P ϭ 0.01; line effect, F ϭ 1.67; df ϭ 1,29; P ϭ 0.21; interaction effect, F ϭ 3.61; df ϭ 1,29; P ϭ 0.07) and in the results of the Tukey-Kramer comparisons of growth rates (adjusted P value for comparison of growth rates on NahG control versus NahG damaged foliage ϭ 0.02; adjusted P value for comparison of growth rates on ÔNipponbareÕ control versus ÔNipponbareÕ damaged ϭ 0.95).
In a third experiment, in which JA was used to induce plants, the reduction in growth rates after JA application was greater in NahG plants than in ÔNip-ponbareÕ plants ( Fig. 3C ; ANOVA approach, effect of treatment, F ϭ 8.87; df ϭ 1,36; P ϭ 0.005; effect of line, F ϭ 3.82; df ϭ 1,36; P ϭ 0.06; interaction, F ϭ 1.48; df ϭ 1,36; P ϭ 0.23; ANCOVA approach, effect of treatment, F ϭ 17.27; df ϭ 1,35; P ϭ 0.002, effect of line, F ϭ 9.23; df ϭ 1,35; P ϭ 0.005; interaction, F ϭ 4.16; df ϭ 1,35; P ϭ 0.05). In addition to the signiÞcant treatment by line interaction in the ANCOVA, the greater effect of JA on larval growth in plants with suppressed SA was shown by the results of the Tukey-Kramer comparisons (adjusted P value for comparison of growth rates on JA-treated NahG versus untreated NahG foliage ϭ 0.03; adjusted P value for comparison of growth rates on JA-treated ÔNipponbareÕ versus untreated ÔNippon-bareÕ foliage ϭ 0.60).
Discussion
The experiments reported here showed, for the Þrst time, the existence in rice of a response to chewing herbivory that results in direct induced resistance to a chewing insect. The level of injury used to induce the response was moderate; on average, between 15 and 40% of leaf area on plants was removed during the 4-to 6-h exposure to late-instar armyworms that was used to injure plants. The reduction in larval growth at the early time point, although statistically signiÞ-cant, was fairly weak and variable among the seven experiments, ranging from no difference in growth rates of larvae on foliage of the two treatments to a 14.5% reduction in growth rates on foliage of wounded plants. The response was stronger in the feeding assays conducted at the later time point than in the assays conducted at the earlier time point, although again the reductions in growth rates were variable, from Ͻ10 to Ͼ50%. Because the later feeding assays were conducted as many as 15 d after damage, and because these assays used leaves not present at the time of damage, the resistance induced by armyworm feeding in rice seems to be relatively long-lasting (at least 2 wk) and systemic.
Considering the global importance of rice, there has been surprisingly little research on direct induced resistance in rice, and much of the prior research has involved pathogens and piercing-sucking insects. Schweizer et al. (1998) found that mechanical wounding and JA treatment of rice seedlings resulted in systemic resistance to Magnaporthe grisea, the causal agent of rice blast; interestingly, systemic induced resistance was stronger than local induced resistance, reminiscent of this study. Some rice varieties exhibit a hypersensitive response after infestation by the Asian rice gall midge (Bentur and Kalode 1996) , whereas other varieties produce an ovicidal compound on a local scale after oviposition by planthoppers (Suzuki et al. 1996) . Prior feeding by two planthopper species was shown to reduce the quality of rice plants as food for subsequent planthoppers (Matsumura and Suzuki 2003) . Feeding by the planthopper Sogatella furcifera induced a strong, systemic, long-lasting resistance to rice blast that was correlated with enhanced expression of a PR protein and not reproducible by simple wounding of plants (Kanno et al. 2005) . In addition, several recent studies have shown that injured or elicitor-treated rice plants emit volatiles that may attract parasitoids or predators of rice herbivores (indirect induced resistance, Lou et al. 2005 , Yuan et al. 2008 ). As noted above, however, this study is the Þrst to show direct induced resistance to an insect after chewing herbivory in rice.
Biochemical responses potentially responsible for the increases in resistance in previously damaged plants were not investigated in this study, but prior research suggests several possibilities. Rice contains a number of diterpene and ßavonoid phytoalexins that increase in concentration after pathogen infection or application of exogenous JA and SA (Tamogami and Kodama 2000 , Karban and Chen 2007 , Daw et al. 2008 . Several studies have shown that total phenolic content also increases in rice plants after pathogen attack (Karban and Chen 2007) , and increases in activities of proteinase inhibitors and oxidative enzymes after herbivore feeding or elicitor treatment have also been reported from rice Chen 2007, Daw et al. 2008) . Finally, rice plants treated with JA, inoculated with rice blast fungus, or injured by Nilaparvata lugens (brown planthopper), S. frugiperda, or S. litura emit blends of volatiles, some of which are attractive to parasitoids and some of which may be toxic or repellent to herbivores (Obara et al. 2002 , Lou et al. 2005 , Karban and Chen 2007 , Yuan et al. 2008 . Further work in this system will focus on identifying biochemical responses to insect feeding in rice, not only to provide information on the mechanistic basis of induced resistance but also as a means of providing a more reliable marker of induced responses than caterpillar growth rates (which, as discussed above, can be variable).
One intriguing aspect of induced resistance in rice is the fact that basal levels of SA are much higher in rice than in other plants typically used as models for studies of induced resistance (Silverman et al. 1995) . In fact, Raskin et al. (1990) found that levels of SA were at least 100 times higher in rice than in tobacco and tomato, two plants widely used as models in studies of induced resistance to insects. The high levels of SA in rice may protect plants from oxidative stress (Yang et al. 2004 ) and intraspeciÞc variation SA levels in rice varieties is positively correlated with blast resistance (Silverman et al. 1995) . The fact that basal levels of SA in rice are so high and that SA levels do not increase after blast infection (Silverman et al. 1995) suggests that induced resistance to both pathogens and insects in rice may be regulated differently than it is in model dicots. However, recent studies have shown that rice contains homologs of important components of the SA-and JA-mediated pathways in dicots and that many aspects of the regulation of responses to stress are conserved across monocot and dicot species (Chern et al. 2005 , Cho et al. 2009 ). With respect to signal transduction after wounding in rice, prior research has established that mechanical wounding of rice leaf segments results in a rapid, transient increase in JA and that levels of JA and SA are inversely correlated in recently wounded leaf segments, suggesting a similar role for JA in wound responses in rice and dicots (Lee et al. 2004) .
Two lines of evidence from this study provide circumstantial evidence that responses to wounding by chewing insects in rice are mediated at least in part by JA. First, exogenous JA at a concentration of 1 or 2 mM mimicked the effects of feeding by chewing insects. Additional experiments by our laboratory have shown that resistance to fall armyworm and other insect pests can be induced in numerous rice varieties by applying JA at concentrations ranging from 0.5 to 5 mM (M.J.S., unpublished data).
The second line of evidence in support of the putative role of JA in responses to caterpillar feeding in rice was obtained using NahG plants with suppressed SA levels. If armyworm-induced systemic resistance is indeed mediated by JA, and if SA inhibits the JA pathway in rice as it does in dicots (Lee et al. 2004) , suppressing SA in rice should allow a stronger induced resistance response. The results of the experiments with NahG provide partial support for this hypothesis. In one of the three experiments, induced resistance after armyworm injury was equally strong in NahG and "NipponbareÕ plants, contrary to the predicted pattern. However, in the other two experiments (one using fall armyworm to induce plants, one using JA), the predicted pattern was observed: induced resistance was stronger in NahG plants than in nontransformed plants. However, interpretation of these two experiments is complicated by the fact that JA and armyworm feeding failed to signiÞcantly induce resistance in the nontransformed ÔNipponbareÕ plants in both experiments. This may partly be an artifact of low replication, because there were only 8 Ð10 insects per treatment group in these experiments (the supply of NahG seeds was not sufÞcient to run larger experiments). This interpretation is supported by the nonsigniÞcant trend toward lower growth rates of insects on foliage from treated or damaged "NipponbareÕ foliage in both experiments and by the variability in the strength of induced resistance seen in prior experiments (Table 2) . Alternatively, basal levels of SA in ÔNipponbareÕ rice plants may be higher and/or more variable than in the varieties used in other experiments, and these high and/or variable SA levels may have led to the inconsistent responses to JA and armyworm feeding in nontransformed plants. However, Yang et al. (2004) reported levels of SA in nontransformed ÔNipponbareÕ plants that were comparable to levels reported by Silverman et al. (1995) for ÔRose-montÕ, ÔJacksonÕ, ÔLemontÕ, and ÔA301Ј (Ϸ10 g/g). Clearly, additional experiments that use NahG plants or other plants with altered SA or JA levels and that incorporate simultaneous determinations of SA and JA levels are needed to conÞrm the role of JA in responses to chewing insects in rice and to clarify the effect of high basal levels of SA in rice on induced resistance to insects.
The research reported here will serve as the foundation for ongoing and future studies on induced resistance in rice. Currently, studies are being conducted to investigate the breadth of armyworm and JA-induced resistance in rice by assessing the effects of damage and JA treatment on the resistance of rice to rice blast and to the rice water weevil (Lissorhoptrus oryzophilus Kuschel), the major early-season insect pest of rice in the United States. In addition, Þeld experiments will be conducted to determine whether treatment of rice plants with JA can induce resistance to the rice water weevil in Þeld-grown plants. Experiments will also be conducted to identify biochemical changes that are consistently associated with induced resistance in rice and to test the hypothesis that induced resistance responses are attenuated in rice varieties with higher basal levels of SA. Ultimately, studies of induced resistance in rice may help elucidate the causal basis of plant resistance to major insect pests of rice and may lead to the development of methods for manipulating resistance to insect pests in this major food crop.
